The flow behavior of two commercial liquid crystalline polymers (LCPs), trade name Vectra B 950 and Vectra L 950 supplied by Ticona, was investigated using a capillary rheometer with a special double slit die. The pressure drops in convergent and divergent wedge passage between the two slit sections, which are influenced by the curvature strains in nematic melts, were determined and compared with the pressure drops of a conventional polystyrene (PS) with flexible polymer chains. Furthermore the extensional viscositiy was determined from the pressure drop in convergent wedge passage. The development of the shear induced texture as a function of shear rate was investigated by use of a rapidly coolable double slit die with the same gap design as the double slit die used for viscosity measurement. The structural analysis was performed using polarized light microscopy.
INTRODUCTION
Liquid crystalline polymers (LCPs) are anisotropic materials due to their particular chemical molecular structure, which consists of rod-rigid molecular sequence (mesogenic unit). On the basis of this property, LCPs are able in solution or in melt state to form mesomorphic phases and to exhibit correspondingly a number of outstanding rheological properties compared to conventional polymers with flexible molecular chains. One example is the influence of the pre-history of thermal or rheological treatment on their flow behavior [1 -3] . High entrance pressure drops in capillary measurement [4] , negative values of the first normal stress difference [5, 6] , or small as well as negative extrudate swell [7, 11] , are reported in the literature. Especially nonlinear pressure profiles measured in capillary rheometers are reported by many authors. Lamantia and Valenza (1989) [8] found nonlinear concave pressure profiles by rheological characterization of Vectra B 950 using a capillary rheometer with a circular die of a ratio L/D of 20. They explain this results as a consequence of the change of the LCP melt structure by passing through the convergent entrance channel from the reservoir, which increases the molecular orientation due to the convergent flow and lead to a corresponding reduction of the viscosity. Downward along the die however, the viscosity increases due to the relaxation of the molecular orientation. An influence of the entrance angle on the flow behavior was not found for Vectra A 950 as reported by Wissbrun (1987) [9] . The same result as Lamantia was reported by Lefeuvre et al. (1994) [10] , and they explain this by the pressure dependence of the viscosity and by the development of LCP texture along the capillary. A systematical investigation of the Bagley plot for LCP melt in circular capillary die measurements with a wide L/D ratio from 0.5 up to 133 was carried out by Turek et al. (1992) [11] . They found linear pressure profiles for dies with L/D ratios of 0.5 < L/D < 33 as well as 66 < L/D < 133.
The end-use properties of LCP parts (e.g. the mechanical properties) are in close relation to the molecular orientation and to the microstructure of LCP parts, which are influenced by shear and elongational flow during processing and are preserved by cooling. In order to utilize these materials more effectively, the correlation between rheology and shear or
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May/June 2002 extensional flow induced microstructure of LCP melts under relevant processing conditions must be better understood. So far these investigations were restricted to liquid crystalline solutions (e.g. MBBA, HPC, PBG) at room temperature by using rotational rheometry for a limited shear rate range [12] [13] [14] [15] , and were not extended to the technologically important high shear rates. Regarding this aspect the following contribution will focuse on the rheological characterization of commercial thermotropic main chain LCP melts under relevant conditions for processing. Moreover, based on the primary results with the influence of the micro structure on the flow behaviour of Vectra B 950 [16] , in this work we intend to extend the investigation more in detail and also investigation of an other specific selected LCP melt Vectra L 950, which shows strongy differences of rheological properties to Vectra B 950 (e.g. the second plateau region), in order to find out the influence of the mobility and flexiibility of the stiff molecule chains on their corresponding rheological properties. For this aims, a new rectangular slit die system was designed, which allows the precise measurement of the viscosity and the detailed analysis of the influence of pre-shearing history, and the determination of the apparent die geometry dependence of the viscosity. It also allows the exact determination of pressure gradients and therefore the determination of the often suggested pressure dependent flow properties of these anisotropic polymer melts. The pressure drops in convergent and divergent wedge passage between the two slit sections, which are influenced by the curvature strains [17] in nematic melts, were determined and compared each other and with the pressure drops of a conventional polystyrene (PS) melt with flexible polymer chains. Furthermore the extensional viscosities can be determined from the pressure drops in the convergent wedge passage. The development of the shear induced texture as a function of the shear rate was investigated using a rapidly coolable double slit die with the same gap design as the double slit die used for viscosity measurement. Finally a structural analysis using polarised light microscopy complements the investigation of the flow behavior for both liquid crystalline polymers.
For the experiments, two commercially available thermotropic nematic LC-mainchain-types, Vectra B 950 and Vectra L 950 (TICONA GmbH), were used. Vectra B 950 is a copolyesteramide based on 2,6 hydroxynaphtoic acid (PHNA)/ terephtalic acid (TA)/ aminophenol (PA) with the molar ratios of 60/20/20 ( Fig. 1) . Using DSC-analysis, Vectra B 950 shows a crystalline-nematic transition at T m = 283°C (Fig. 2) . Vectra L 950 is a replacement for Vectra A 950, which was based on 2,6 hydroxynaphtoic acid (PHNA)/ p-hydroxybenzoic acid (PHBA) with the molar ratio of 27/73. The copolyester Vectra L 950 was developed with the aim of improving its flow ability, and due to proprietary knowledge, the chemical composition is absented. Vectra L 950 shows a crystallinenematic transition at T m = 301°C (Fig. 2) . Before rheological measurements, both LC polymers were dried for 16 hours at 140°C in a nitrogen atmosphere at 20 mbar.
The rheological characterization of both LCP melts was accomplished by using a capillary rheometer. The high pressure capillary rheometer was equipped with a melt reservoir of diameter 9.55 mm, a bypass and a special double slit die ( fig I The melt was injected from the reservoir at first into the slit part with the gap size h 1 = 0.5 mm followed by the slit part with h 2 = 0.25 mm. In reference to the wedge passage between the two slit parts, the double slit will be called convergent die in the following. I In the second case, the double slit die was turned around by 180° vertically to the axis of the reservoir, and will be called divergent die.
To investigate the shear induced texture development, we use a coolable die with the same gap design as the double die for the viscosity measurement ( Fig. 3, right) . As cooling medium, water was used. For Vectra B 950, the melt starting at a temperature of T = 300°C and for Vectra L 950 the melt starting at a temperature of T = 310°C were quenched during flow in the coolable die. Afterwards the samples were cut into thin specimen with a thickness of 1 mm along the shear plane (formed by gradient and flow direction) by using a diamond knife. The specimens were observed under the transmission polarized light microscope.
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RESULTS AND DISCUSSION
RHEOLOGICAL CHARACTERIZATION OF THE LCP MELTS
For both LCP melts investigated, the pressure profiles along both slit sections of the convergent as well as of the divergent die were found to be linear for all shear rates (Fig. 4) . Therefore a fully developed flow can be assumed at all shear rates without a development of different textures along the slit die, and the viscosity does not exhibit the predicted pressure dependence reported by Lamantia et al. (1989) [8] and Lefeuvre et al. (1994) [10] .
Figs. 5 and 6 show the apparent viscosity as a function of the apparent shear rate for Vectra L 950 and Vectra B 950 at two test temperatures for each material in the convergent and in the divergent die. A detailed discussion of those results was reported elsewhere [16] . The following remarks are summarized here:
I The LCP melts show a typically flow curve with three regions (Figs. 5 and 6), which are closely related to the change of texture for the respective shear rate ranges. I The second plateau region also depends strongly on the pre-shearing of both materials. In all cases, this region is more pronounced at the first part of the die and expanded in a wider shear rate range (e.g. up to 1250 s -1 ) for Vectra B 950 in the convergent die for the part with h 1 = 0.5 mm (Foig. 6a). In the second part of the die, this region was found to be narrower due to the influence of pre-shearing. This is seen, for example, in the case of the slit die with gap size h 2 = 0.25 mm: In the convergent die position (i.e. with pre-shearing), the plateau extends only up to a shear rate of g · = 200 s -1 (Fig. 6a) , while in the divergent die position (i.e. without pre-shearing) it extends up to g · = 500 s -1 (Fig. 6b) at both test temperatures. I If the LCP melts flow through a divergent channel, the viscosity is decreased significantly.
Of particular interest is the influence of the geometry on the pressure drops in convergent and divergent wedge passage between two slit sections for nematic melts. For a conventional polystyrene (PS) with flexible molecule chains it is obvious that the pressure drop shows the same value irrespectively of the convergent or divergent wedge passage geometry (Fig. 7) . On the contrary, the pressure drop of both investigated LCP melts in convergent wedge passage is considerably larger than the pressure drop in divergent wedge passage (Figs. 8a and 8b) . Furthermore it should be noted, that this influence is more distinct for Vectra B 950 than by Vectra L 950, and by increasing the test temperature it seems to be weaker. This peculiar phenomen is due to the different elastic energy for curvature strains in nematic melts. The deformation of nematic melt by flowing through a convergent wedge passage includes considerably splay distortions, whose large energy is determined by the splay elastic constant K 11 of the LCP melt. In the case of divergent wedge passage the distortion energy is determined by the twist elastic constant K 22 . These elastic constants can be determined by means of the Frank elasticity theory [17] and the Freedericksz transition experiment [18] . In general, for thermotropic liquid crystalline polymers the splay constant K 11 is larger than the twist constant K 22 [19] . For example with Vectra B 950, the splay constant K 11 is three orders of magnitude larger than its twist constant K 22 [20] .
To determine the elongational viscosity in the convergent wedge passage between two slit sections, the Ostwald/ de Waele power law for LCP melt is assumed. Following Gleißle (1999) [21] , the total pressure drop over the wedge passage is assumed by neglecting the first normal stress difference to be the sum of the viscous pressure drop (Dp v ) and the elastic pressure drop The elongational viscosity m(e · ) calculated by Eq. 5 for Vectra B 950, Vectra L 950 and polystyrene PS 143 E and the corresponding shear viscosity measured in double slit die are shown in double logarithmic plot (Fig. 9) . The significantly wide difference between the shear and elongational viscosities of Vectra B 950 as compared to Vectra L 950 and as compared to the conventional polystyrene with flexible chains has its origin in the distinct of the orientational behaviour and the mobility of the stiff mesogens for respective liquid crystalline polymers. Furthermore it should be noted that the decrease of the elongational viscosity by increasing the elongation rate for LCP melt with stiff molecule chains compared to polystyrene with flexible chains seems to be weaker, especially so for Vectra B 950. This elongational flow behaviour in convergent wedge passage as investigated here is a result of the preshear of the melt in the first slit die section which enhances the degree of molecule orientation, especially for LCP melt with stiff molecule chains, and affects accordingly the "melt hardening". The nematic melt pre-sheared in the first slit section of the double slit die flows into the convergent wedge passage and is subjected therefore by curvature strain splay deformations. By this splay deformation of LCP melts, dislocations are forced to move and to climb along the flow direction and also perpendicular to the burgers vector [22] . This non-volume conservative climbing of dislocations leads to the considerable melt hardening for LCP melts and leads also to a high value of the pressure drop in the convergent channel.
Following the power law with (2) whereby m is the flow exponent and f is the fluidity, one obtains the viscous part, Dp v , of the total pressure drop, Dp, over the wedge passage by (3) In Eq. 3 V · is the volumetric flow rate, a the half of opening angle of the wedge passage and b, h 1 , h 2 the dimensions of the wedge. In the convergent wedge passage with entrance gap h 1 and at the outlet gap h 2 but with constant width b one can define an average planar elongational rate according Eq. 4
By neglecting the first normal stress difference in this wedge passage channel for its small opening angle (a = 2.3°), the elongational viscosity can be calculated as .
. 
SHEAR INDUCED TEXTURE DEVELOPMENT OF LCP MELTS
In nematic liquid crystalline mesophases the local symmetry breaking takes place through rotation and translation of the mesogenic units around a singular line. It forms defects, as line singularities in nematic melts. Such defects are termed "disclinations", which originates from the greek word "cline" = incline [17] . Detail of the basic and physically background of disclinations is illustrated and discussed in [24] . By shear deformation the disclinations are distorted, oriented as well as their nucleation take place by increasing the deformation and form accordingly new textures in liquid crystalline nematic melt. The shear induced texture of the LCP melt is decisive for the flow behavior detected by capillary rheometry.
Investigation of the shear induced texture development of thin specimens under the transmission polarized light microscope shows that for Vectra B 950 at low shear rate in the first region of the viscosity curve, the melt has a thread texture of disclination loops oriented perpendicular to the flow direction (Fig. 10) . Along the gradient direction to the wall the loops are stretched and ordered in flow direction, and their length decreases rapidly, while the thickness of loops (the core of twist disclination) remains obviously unchanged and amounts to ca. 1 mm. The strong shear thinning flow behavior in the first region of the viscosity curve results accordingly from this shear induced texture development. A transition from thread texture in the core to "worm texture" with higher defect density in the skin layer of this sample is clearly visible.
According to Mazelet and Kleman (1986) [23] , disclination loops in LCP melts consist of mobile -1/2 and immobile + 1/2 integer wedge disclinations. The key mechanism for the nucleation of such disclination loops is hence the peculiar configuration of disclination core and their mobility in the shear flow.
Compared to Vectra B 950, the melt of Vectra L 950 shows a shear induced fine texture consistently from core to wall (Fig. 11) at the same wall shear rate g · = 5 s -1 . The fine short loops are just recognizable under the polarized light microscope. A clearly contrasting picture for the transition of the shear induced texture is impossible to make due to the limitation of the resolution of the microscope. One can point out by means of this comparison that the stiff molecule chains (mesogens) of Vectra L 950 are more mobile and flexible than the mesogens of Vectra B 950, which results in the forming of defects and disclinations with small size by shear influence. The mobility and the stiffness of the mesogens are decisive for the stability of disclinations and accordingly for their size during the nucleation process. They also determine the anisotropy of the Frank elasticity. The less pronounced plateau region of the viscosity curve of Vectra L 950 detected in capillary measurement and its low elongational viscosity determined in the wedge passage seems to correspond to its small Frank elasticity anisotropy compared to Vectra B 950. 10 mm The texture development as a function of shear rate for Vectra B 950 is shown in Fig. 12 . A worm texture is found for the plateau region of the viscosity curve. Compared to the shear thinning first region, the reduction of size of diclination loops is clearly weaker. A new organization of new defect nucleated from thread texture dominates here. It is obvious that the newly emerging loops by reform of nucleated threads are distributed isotropicaly with regard to macroscopic considerations. At high shear rate in the pseudo-plastic third region, an ordered texture is visible.
CONCLUSION
Two commercial LC polymers of the Vectra family (Vectra L 950 and Vectra B 950) were investigated concerning their flow behavior and their microstructure development as a function of shear rate. LCP melts typically show a flow curve with three regions, which relate closely to the change of texture for respective shear rate ranges. The high modulus LCP resin Vectra B 950 exhibits a more pronounced "three-region-viscosity curve" than the more flexible low viscous Vectra L 950. The shear thinning flow behavior in the first region at low shear rate corresponds to the thread texture consisting of ± 1/2 integertwist disclinations. This is especially pronounced for the melt of Vectra B 950, for Vectra L 950 the texture is finer. In the plateau region for Vectra B 950, a worm texture is found and at high shear rates in the pseudo-plastic third region, the worm texture is changed into an ordered texture. Pre-shearing of both melts leads to a narrower plateau region in the viscosity curve (second region), and accordingly to a decreasing viscosity in the pseudo-plastic third region. Both LCP melts show an apparent geometry dependence of the flow behavior due to increasing viscosity with smaller gap size of the rectangular slit dies. In contrary to conventional polymers with flexible chains, the pressure drop of LCP melt flowing through a convergent wedge passage is clearly larger than the pressure drop in divergent wedge passage because of the difference of their particular splay and twist curvature strains. Comparison of the elongational flow behaviour determined in the wedge passage, of the shape of the plateau region, of the enhancement of the pressure drop in convergent wedge as well as of the shear induced texture for both
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May/June 2002 LCP melt let to conclude that the mesogens of Vectra B 950 are stiffer and less mobile than the mesogens of Vectra L 950, and that the anisotropic Frank elasticity represented by ratio of the splay constant K 11 to the twist constant K 22
is considerably larger for Vectra B 950 than for Vectra L 950.
